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ABSTRACT 


The  strong  adsorption  of  neutral  red  on  mercury  causes  its 

linear  sweep  voltammetry  to  be  adsorption  controlled  over  a  wide 

range  of  conditions.  At  pH  4.5  or  below,  the  surface  coverage  of 

DH^  increases  monotonically  from  1  monolayer  in  3  x  10  solution 
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to  ca  3  monolayers  in  3  x  10  M  solution,  and  to  a  good  approxi¬ 
mation  the  monomeric,  dimeric  and  tetrameric  forms  of  the  dye 
are  adsorbed  equally  strongly.  The  morphology  of  the  adsorption 
peak  indicates  that  interactions  between  adsorbed  molecules  are 
substantial  and  that  the  nature  of  these  interactions  changes 

from  moderately  repulsive  below  pH  4  to  strongly  attractive  above 
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pH  6 .  Over  this  pH  range  the  voltammograms  of  2  x  10  M  dye  nar¬ 
row  progressively  and  ultimately  split  into  two  extremely  sharp 
peaks.  The  first  of  these  corresponds  to  the  single  voltammetric 
peak  observed  for  dilute  dye  solutions,  whereas  the  second  repre¬ 
sents  the  reduction  of  an  electrochemically  distinguishable  phase 
of  adsorbed  dye .  Above  pH  9  the  isotherm  for  adsorption  of  D 
exhibits  an  abrupt  increase  when  the  bulk  concentration  exceeds 
the  equilibrium  solubility. 
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INTRODUCTION 

Neutral  red,  an  azine  dye  first  synthesized  by  Witt  is 

widely  used  as  a  biological  stain  and  a  pH  indicator,  but  lit¬ 
tle  is  known  of  its  electrochemistry.  In  contrast  to  the  much 
studied  redox  chemistry  of  the  related  thiazine  dyes,  the  redox 
chemistry  of  neutral  red  has  received  little  attention.  The 
pioneering  work  of  Clark  and  Perkins  [2]  showed  that  neutral  red 
undergoes  a  potentiometrically  reversible  two-electron  reduction 
to  the  leuco  dye  and  established  approximate  acidity  constants 
for  both  the  dye  and  the  leuco  dye  from  equilibrium  potential 
measurements.  More  recently,  Bartels  03,4^  estimated  the  acid 
dissociation  constant  of  neutral  red  and  the  formation  constants 
of  the  dimer  and  the  tetramer  of  the  acidic  form  of  the  dye.  In 
an  extensive  systematic  study  of  the  effects  of  pH  and  the  total 
dye  concentration  on  the  equilibrium  potential  of  the  dye-leuco 
dye  couple,  Nikolskii  and  coworkers  [5-7]]  derived  precise  values 
for  the  two  pK  s  of  the  leuco  dye,  the  pK_  of  neutral  red  and 
the  formation  constants  of  the  dimer  and  the  tetramer  of  the 
acidic  form  of  the  dye.  Voltammetric  study  of  neutral  red  ap¬ 
pears  to  be  limited  to  the  report  of  Suzuki  and  Sawada  [8]],  who 
studied  its  reduction  from  pH  1  to  pH  6  using  ac  and  dc  polaro- 
graphy.  The  focus  of  their  work  was  the  second  reduction  step 
which  follows  the  fast  two-electron  reduction  to  the  leuco  dye, 
and  which  they  attributed  to  an  irreversible  reduction  of  a  sub¬ 
stance  derived  from  leuco  neutral  red. 

Structurally,  neutral  red  closely  resembles  the  thiazine 
dyes  thionine  and  methylene  blue,  and  in  general  one  would 
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anticipate  that  its  electrochemistry  would  be  similar  to  that  of 
these  thiazine  dyes.  Of  special  interest  is  the  strong  adsorp¬ 
tion  of  the  thiazine  dyes,  C9-12D,  which  suggests  that  the  adsorp¬ 
tion  of  neutral  red  would  play  a  prominent  role  in  its  electro¬ 
chemistry.  We  present  here  a  detailed  study  of  the  adsorption  of 
neutral  red  on  mercury  which  emphasizes  the  interactions  between 
adsorbate  molecules  and  the  nature  of  the  resulting  surface  films. 
EXPERIMENTAL 

Linear  sweep  voltammetry  was  performed  at  sweep  rates  up  to 
0.2  V/s  using  a  PAR  Model  170  Electrochemistry  System  and  at  high-' 
er  sweep  rates  using  a  PAR  Model  173  potentiostat  driven  by  a  PAR 
Model  175  programmer  and  coupled  to  a  Biomation  1010  waveform  re¬ 
corder.  Positive  feedback  was  used  to  compensate  solution  resis¬ 
tance  as  determined  from  the  behavior  of  the  Cd (II) /Cd (Hg)  couple. 
The  reference  electrode  was  Ag/AgCl  in  saturated  KCl,  the  poten¬ 
tial  of  which  was  -0.042  V  v£  SCE  and  the  working  electrode  was  a 
Metrohm  hanging  mercury  drop  electrode.  The  supporting  electro¬ 
lyte  was  O.IM  KCl  buffered  with  O.OIM  phosphate,  acetate  or  bor¬ 
ate  as  appropriate,  and  all  experiments  were  performed  at  22.0  ± 
0.2‘’C  in  a  thermostated  vessel.  Surface  coverages  were  estimated 
from  voltammetric  data  by  graphical  integration. 

Triply  distilled  water  was  used  throughout  and  all  chemicals 
were  reagent  grade  except  neutral  red,  which  was  obtained  from 
Fisher  Scientific  and  recrystallized  thrice  from  50%  aqueous  meth¬ 
anol  and  dried  under  vacuum  at  40®C. 

RESULTS  AND  DISCUSSION 


The  linear  sweep  voltammetric  reduction  of  neutral  red  at  a 
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stationary  mercury  drop  electrode  exhibits  partial  or  complete 
adsorption  control  over  a  wide  range  of  conditions.  For  example, 
if  the  dye  concentration  is  1  x  10  or  less,  the  current  remains 
adsorption  controlled  even  at  sweep  rates  as  low  as  5  mV/s.  The 
voltammetric  peaks  conform  very  well  to  the  diagnostic  criteria 
for  a  fast  electron  transfer  process  under  adsorption  control  Cl3] 
Over  several  orders  of  magnitude  the  cathodic  peak  current  is 
directly  proportional  to  the  sweep  rate,  and  the  peak  is  symme¬ 
tric.  The  peak  potentials  of  the  anodic  and  cathodic  peaks  are 
equal,  and  provided  the  switching  potential  is  sufficiently  close 
to  the  cathodic  peak  potential,  the  anodic  and  cathodic  peaks  ex¬ 
hibit  equal  areas.  Increasing  the  neutral  red  concentration 
below  pH  5  causes  a  gradual  shift  toward  diffusion  control  as 
indicated  by  decreased  symmetry  and  a  decreased  dependence  of  the 

peak  current  on  the  sweep  rate.  Logarithmic  plots  of  peak  cur- 
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rent  sweep  rate,  such  as  that  in  Figure  1  for  1  x  10  M  dye, 
were  constructed  for  each  dye  concentration  to  establish  the 
range  of  sweep  rates  which  yields  adsorption  controlled  voltam- 
mograms.  As  Figure  1  shows,  diffusion  control  becomes  signifi¬ 
cant  at  this  dye  concentration  when  the  sweep  rate  falls  below 
ca  0.2  V/s,  but  at  higher  sweep  rates  the  slope  of  the  plot  is 
0.96,  in  good  agreement  with  the  theoretical  value  of  1.0  for 
adsorption  control. 

Peak  Potentials 

Because  1  x  10  neutral  red  yields  voltammorgrams  which 
are  well  defined  and  free  of  the  complexities  which  appear  at 
higher  dye  concentrations,  this  dye  concentration  was  selected 
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for  a  systematic  study  of  the  effect  of  pH  on  peak  morphology. 
Laviron  has  pointed  out  C14-18I]  that  the  peak  potential,  the  peak 
width  and  the  surface  coverage  are  three  parameters  which  relate 
directly  to  important  aspects  of  the  adsorption  process.  Since 
an  adsorption  controlled  peak  is  symmetric,  its  peak  potential  is 
associated  with  equal  surface  concentrations  of  the  oxidized  and 
reduced  forms  of  the  electrode  couple.  The  peak  potential  there¬ 
fore  corresponds  to  the  formal  potential  of  the  couple  in  the  ad¬ 
sorbed  state  Cl4l]. 

Figure  2  reports  the  peak  potentials  for  the  reduction  of 
neutral  red  from  pH  2.0  to  pH  9.8,  and  it  consists  of  two  essen¬ 
tially  linear  segments.  These  merge  in  a  transition  zone  between 
pH  4  and  pH  6,  below  which  the  slope  is  -90  mV/pH  and  above  which 
it  is  -59  mV/ph.  That  is,  below  pH  4,  the  reduction  of  neutral 
red  is  a  3-proton,  2-electron  process  whereas  above  pH  6  it  is  a 
2-proton,  2-electron  process.  Qualitatively,  these  peak  poten¬ 
tials  agree  reasonably  well  with  the  formal  potentials  determined 
potentiometrically  by  Nikolskii  et  al  [5,6],  but  there  are  some 
notable  differences.  It  is  not  surprising  that  the  peak  poten- 
tial-pH  plot  does  not  reveal  the  1-proton,  2-electron  process 
observed  potentiometrically  between  pH  6.4  and  pH  6.6.  This 
simply  reflects  the  fact  that  the  voltammetric  peak  potentials 
lack  the  precision  necessary  for  discrimination  of  such  fine 
detail.  More  significant  is  the  fact  that  the  peak  potentials 
are  consistently  more  negative  than  the  potentiometric  values 
and  the  magnitude  of  the  difference  increases  with  increasing  pH. 
At  pH  4,  the  difference  is  20  mV  whereas  at  pH  9.5,  the  difference 
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is  60  mV.  This  difference  must  arise  in  part  at  least  because 
the  voltammetric  peak  potentials  reflect  the  formal  potential  of 
the  surface  couple  whereas  the  potentiometric  measurements  re¬ 
flect  the  formal  potential  of  the  bulk  couple.  As  was  pointed 
out  by  Laviron  [14],  the  formal  potential  of  the  surface  couple 
is  offset  from  the  formal  potential  of  the  bulk  couple  by  a  teinn 
which  represents  the  difference  between  the  standard  free  ener¬ 
gies  of  adsorption  of  O  and  R.  Thus,  if,  as  in  the  present  sit¬ 
uation,  the  peak  potential  is  more  negative  than  the  formal  po¬ 
tential  of  the  bulk  couple,  0  is  adsorbed  more  strongly  than  R. 
Because  the  peak  potential  and  the  equilibrium  potentials  were 
measured  under  somewhat  different  conditions,  quantitive  evalu¬ 
ation  of  the  adsorption  energy  term  from  these  data  is  not  pos¬ 
sible.  On  the  other  hand,  the , systematic  increase  in  the  magni¬ 
tude  of  this  difference  between  the  formal  potential  of  the 
bulk  couple  and  the  formal  potential  of  the  surface  couple  with 
increasing  pH  suggests  that  the  adsorption  free  energy  term  be¬ 
comes  more  important  at  higher  pH.  A  number  of  other  aspects  of 
the  voltammograms  which  support  this  premise  will  be  discussed 
in  later  sections. 

Surface  Coverage  of  Acidic  Neutral  Red 

Below  ca  pH  4.5  the  surface  coverage  of  neutral  red  increa¬ 
ses  steadily  with  increasing  bulk  concentration  of  dye.  Typical 
of  the  adsorption  in  such  solutions  is  the  isotherm  in  Figure  3, 
which  refers  to  pH  3.0.  This  pH  is  3.6  units  below  the  pK^  of 
neutral  red  [6],  so  that  the  species  undergoing  adsorption  is 
without  doubt  the  cationic  conjugate  acid  of  the  dye,  DH^.  The 
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isotherm  bears  little  resemblence  to  the  Langmuir  isotherm  or 
to  any  of  the  other  isotherms  often  encountered  in  eiactrochem- 
istry,  and  it  exhibits  two  features  which  merit  particular 
attention. 

First,  as  the  dye  concentration  falls  below  the  10  level, 

the  surface  coverage  approaches  a  lower  limiting  value  of  24 
-2 

UC  cm  ,  which  corresponds  reasonably  well  to  monolayer  coverage 

in  which  the  dye  molecules  are  closely  packed  with  the  plane  of 

the  heterocyclic  rings  parallel  to  the  electrode  surface.  The 

2 

surface  area  occupied  per  molecule  is  130  A  ,  which  agrees  fair- 

2 

ly  well  with  the  cross  section  area  of  120  A  reported  for  meth¬ 
ylene  blue  [9-11],  the  dimensions  of  which  must  be  similar  to 
those  of  neutral  red.  The  persistence  of  monolayer  coverage  at 
bulk  concentrations  below  10  M  demonstrates  the  strong  adsorp¬ 
tion  of  neutral  red  on  mercury.  We  have  been  unable  to  study 
the  submonolayer  adsorption  of  neutral  red  because  at  the  sub¬ 
micromolar  bulk  concentrations  that  are  necessary  it  is  diffi¬ 
cult  to  obtain  reproducible  coverage. 

The  second  important  aspect  of  the  adsorption  of  the  acidic 

form  of  neutral  red  is  that  for  bulk  concentrations  from 
-7  -4 

2  X  10  to  3  X  10  M,  the  surface  coverage  is  directly  propor¬ 
tional  to  the  degree  of  aggregation  on  the  bulk  concentration 
as  estimated  from  the  equilibrium  constants  reported  by  Nikolskii 
et  al  [5-7].  In  Figure  3,  the  vertical  scale  of  the  plot  of  the 
degree  of  aggregation  is  adjusted  so  that  the  lower  limit,  i.e., 
the  point  corresponding  to  monomeric  dye,  coincides  with  the 
lower  limit  of  the  surface  coverage  plot,  i.e.,  the  point  corres- 


ponding  to  monolayer  coverage.  Over  the  3  decades  of  dye  con¬ 
centration  studied,  the  correlation  of  the  surface  coverage  with 
the  degree  of  aggregation  is  quite  satisfactory,  meaning  that  to 
a  good  approximation,  the  adsorption  can  be  envisioned  as  the 
concurrent  adsorption  of  the  monomer,  the  dimer  and  the  tetramer 
of  neutral  red.  All  three  are  adsorbed  equally  strongly  in  that 
there  is  no  evidence  that  the  magnitude  of  the  adsorption  equil¬ 
ibrium  constant  depends  on  the  degree  of  aggregation  of  the  bulk 
dye.  The  extent  of  adsorption  of  acidic  neutral  red  increases 
monotonically  with  increasing  bulk  concentration,  with  no  dis- 
continuties  which  indicate  the  formation  of  distinguishable 
phases.  That  is,  for  surface  coverages  of  acidic  neutral  red 
that  range  from  one  monolayer  to  three,  the  coverage  is  formally 
equivalent  to  a  monolayer  of  aggregated  dye. 

To  further  test  the  influence  of  the  aggregation  of  neutral 
red  on  the  extent  to  which  it  is  adsorbed,  we  have  determined 
its  adsorption  isotherm  at  pH  3.0  in  50%  aqueous  methanol.  The 
visible  spectrum  of  the  dye  shows  that  under  these  conditions 
aggregation  is  virtually  absent  over  the  concentration  range  of 
interest  so  that  the  bulk  species  is  monomeric  DH^.  Figure  4 
reports  the  isotherm,  which  differs  substantially  from  the  iso¬ 
therm  for  aqueous  solutions  in  Figure  3.  Relative  to  the  extent 
of  adsorption  from  aqueous  solution,  the  extent  of  adsorption 
from  50%  methanol  is  markedly  lower,  but  the  most  striking  fea¬ 
ture  of  the  adsorption  process  in  50%  methanol  medium  is  that 

-2 

the  isotherm  displays  an  upper  limiting  coverage  of  25  uC  cm  , 
which  corresponds  to  essentially  one  monolayer.  This  result 
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indirectly  supports  the  proposal  of  a  monolayer  of  aggregated  dye 
particles  in  that  it  demonstrates  that  formation  of  a  monolayer 
of  the  monomeric  dye  is  a  limiting  case. 

Surface  Coverage  of  Basic  Neutral  Red 

Above  pH  8.5  the  adsorption  isotherm  of  neutral  red  exhibits 
an  abrupt  increase  in  surface  coverage  when  the  bulk  concentration 
exceeds  a  critical  value.  The  isotherm  at  pH  9.5,  which  is  repor¬ 
ted  in  Figure  5,  typifies  the  behavior  of  neutral  red  in  alkaline 
solution.  At  pH  9.5  ca  99.8%  of  the  dye  in  solution  is  converted 
to  the  uncharged  conjugate  base  D,  so  that  it  is  clear  that  this 
is  the  species  undergoing  adsorption.  Provided  the  bulk  concen¬ 
tration  of  the  dye  is  below  1  x  10  ^M,  the  coverage  increases 
slowly  with  increasing  bulk  concentration,  but  when  the  bulk  con¬ 
centration  exceeds  this  value,  the  surface  coverage  rises  abruptly 
The  equilibrium  solubility  of  neutral  red  under  these  conditions 
as  estimated  spectrophotometrically  is  5.0  x  10  ^M,  a  value  just 
below  the  knee  of  the  curve.  Concentrations  of  basic  neutral  as 
much  as  sixfold  higher  than  the  equilibrium  solubility  are  readily 
prepared  by  raising  the  pH  of  a  solution  of  the  much  more  soluble 
acidic  form  of  the  dye,  and  once  prepared,  they  are  stable  for 
several  hours.  During  this  time  they  show  no  sign  of  precipita¬ 
tion  and  their  voltammetric  behavior  does  not  change  preceptibly. 
By  analogy  to  the  adsorption  behavior  of  acidic  neutral  red,  we 
attribute  the  sharp  increase  in  surface  coverage  of  basic  neutral 
red  which  occurs  on  exceeding  the  equilibrium  solubility  to  the  for 

mation  of  aggregates.  It  is  interesting  that  the  abrupt  increase 
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in  surface  coverage  occurs  when  the  coverage  exceeds  50  uC  cm  or 
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approximately  two  monolayers,  but  we  do  not  know  whether  this 
result  has  the  same  significance  as  the  coverages  observed  in 
acidic  solution.  It  is  also  not  fully  clear  how  these  results 
relate  to  those  of  Nikolskii  et  al  C5,6j,  who  concluded  that  even 
when  the  dye  concentration  is  as  high  as  5  x  10  the  basic 
form  of  neutral  red  does  not  form  aggregates.  In  their  studies, 
the  bulk  solution  contained  both  neutral  red  and  leuco  neutral 
red  in  equal  concentration,  and  interaction  of  basic  neutral  red 
with  ■'euco  dye  may  have  suppressed  its  aggregation. 

Peak  Morphology 

Both  the  bulk  concentration  of  the  dye  and  the  pH  strongly 
affect  the  morphology  of  the  adsorption  controlled  voltammetric 
peak  of  neutral  red.  These  changes  in  peak  shape  are  manifesta¬ 
tions  of  the  attractive  and  repulsive  interactions  between  adsor¬ 
bed  molecules,  which  can  be  substantial  at  high  surface  coverage. 

Of  the  formal  methods  for  the  analysis  of  such  interactions  in 
linear  sweep  voltammetry,  that  developed  by  Laviron  [114-18^  is 
particularly  useful.  In  his  analysis  of  adsorbate  interactions, 
Laviron  considers  three  distinct  types  of  adsorbate  interactions: 
those  between  molecules  of  adsorbed  0,  those  between  molecules 
of  adsorbed  R  and  those  of  molecules  of  adsorbed  O  with  molecules 
of  adsorbed  R.  These  three  interactions  are  denoted  respectively  by 
the  terms  a^,  a„,  and  a^„  which  are  positive  if  the  interaction 

U  K  UK  f 

is  attractive  and  negative  if  it  is  repulsive,  and  they  are  taken 
into  account  by  assuming  that  a  Frumkin  isotherm  is  obeyed.  The 
important  result  here  is  that  these  interactions  influence  the 
shape  of  an  adsorbtion  controlled  voltammetric  peak  and  cause  it 
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to  deviate  from  that  of  an  ideal  peak  governed  by  a  Langmuir  iso¬ 
therm.  This  deviation  is  governed  by  the  magnitude  of  the  quan¬ 


tity  Gv9^,  where  the  definition  of  G  in  terms  of  a^,  a^^,  and  a'^j^  is 
given  by  Eqn.  1,  0^  is  the  ratio  of  coverage  of  O  plus  R  to  the 

°  =  “o  -2^0R  <» 

maximum  possible  coverage  and  v  is  the  (usually  unknown)  quantity 


of  solvent  displaced  by  the  adsorption  of  0  or  R.  If  the  value 


of  Gv0^  is  essentially  zero,  as  is  true  either  when  the  surface 
coverage  approaches  zero  or  when  the  value  of  G  itself  is  zero. 


the  peak  has  the  same  shape  as  an  ideal  peak,  i.e.,  one  governed 
by  the  Langmuir  isotherm.  This  does  not  mean  that  intermolecular 


interactions  are  unimportant,  but  simply  that  the  algebriac  sum 
of  the  interaction  terms  is  zero.  A  negative  value  of  G  causes 
the  peak  to  be  broader  and  lower  than  the  ideal  peak  whereas 
values  of  G  between  zero  and  two  cause  the  peak  to  be  narrower 
and  higher  than  the  ideal  peak.  Because  the  value  of  v  for  ad¬ 
sorption  of  neutral  red  is  not  known,  we  can  only  apply  the  theory 
qualitatively,  but  despite  this  constraint,  it  provides  very  use¬ 
ful  insights  concerning  the  nature  of  the  intermolecular  inter¬ 
actions  in  adsorbed  neutral  red  and  the  manner  in  which  they  depend 
on  the  bulk  concentration  and  the  degree  of  protonation  of  the 
dye . 


The  effect  of  pH  on  the  shape  of  the  neutral  red  voltammo- 
gram  is  simplest  if  the  dye  concentration  is  10”^M  or  less.  For 
such  low  bulk  concentrations,  the  peak  width  depends  in  a  simple 
and  characteristic  manner  on  pH  as  shown  by  the  data  in  Figure  6. 
Increasing  the  pH  from  4  to  6  causes  the  peak  width  to  fall  from 
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85  mV  to  45  mV,  the  theoretical  value  for  an  ideal  peak.  That 
is,  below  pH  4  the  value  of  G  is  negative,  consistent  with  a  net 
repulsive  interaction  between  the  adsorbed  molecules,  whereas 
above  pH  6  it  is  zero,  consistent  with  no  net  interaction  between 
the  adsorbed  molecules. 

The  most  striking  feature  of  this  transition  is  that  although 
its  shape  suggests  that  it  arises  from  a  one  proton  dissociation 
reaction  of  either  neutral  red  or  the  leuco  dye,  it  does  not  coin¬ 
cide  with  a  pK,  of  either  species.  Rather,  the  midpoint  of  this 

OL 

transition  falls  at  pH  5.2,  approximately  midway  between  the  pK_s 

Ci 

of  the  leuco  dye  (4.4  and  6.4)  and  more  than  a  full  pH  unit  below 
the  pK  of  neutral  red  (6.6)C6,73. 

a 

Although  we  cannot  completely  define  the  cause  for  the  in¬ 
crease  in  the  value  of  G  with  increasing  pH,  we  can  partially 
resolve  the  question  by  considering  the  pH  dependences  of  the 
charges  of  neutral  red  and  leuco  neutral  red  and  the  effects 
these  charges  would  exert  on  a_,  a„  and  a_  in  Eqn.  1.  The  pK 
of  neutral  red  is  6.6,  while  the  pK_s  of  leuco  neutral  red  are 
4.4  and  6.4  [6,7],  so  that  the  pH  dependences  of  the  charges  of 
the  two  species  can  be  summarized  as  follows.  Below  pH  4.4, 

neutral  red  exists  as  the  univalent  cation  DH^,  while  leuco  neu- 

+2 

tral  red  exists  as  the  divalent  cation  DH^  .  Between  pH  4.4 
and  pH  6.4,  both  neutral  red  and  the  leuco  dye  exist  as  the 
univalent  cations  DH^  and  DH^-  The  leuco  dye  is  converted  to 
the  neutral  species  DH2  above  pH  6.4  and  neutral  red  is  conver¬ 
ted  to  the  neutral  species  D  above  pH  6.6.  In  principle,  the  pH 
dependence  of  the  value  of  G  is  consistent  with  either  an  increase 
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in  the  value  of  a  or  a  or  a  decrease  in  the  value  of  a__,  but 

0  ”  OR 

the  latter  possibility  appears  extremely  unlikely.  For  a_  to 
decrease  would  require  that  the  interaction  between  neutral  red 
and  leuco  neutral  red  become  less  attractive  as  the  pH  increases. 
However,  since  the  positive  charges  of  both  neutral  red  and  the 
leuco  dye  decrease  with  increasing  pH  it  is  difficult  to  envision 
that  the  interaction  of  these  two  species  becomes  less  attractive 
with  increasing  pH.  On  the  other  hand,  an  increase  in  a^,  or  an 
increase  in  a^^,  or  both,  is  consistent  with  tht  pH  dependences  of 
the  charges  of  neutral  red  and  leuco  neutral  red.  Since  both  a^ 
and  a^^  influence  G  in  the  same  way,  we  are  unable  to  determine 
whether  the  increase  in  the  value  of  G  arises  from  an  increase  in 
a^,  an  increase  in  a^^  or  an  increase  in  both.  In  principle,  one 
could  distinguish  between  an  increase  in  a^  and  an  increase  in 
a^^  over  a  given  pH  range  by  monitoring  the  change  in  surface  cov¬ 
erage,  which  is  sensitive  only  to  the  adsorption  characteristics 
of  neutral  red.  The  surface  coverage  does  appear  to  be  pH  depen¬ 
dent,  but  the  change  is  not  sufficiently  greater  than  the  uncer¬ 
tainty  in  our  measurement  to  permit  us  to  draw  clear  conclusions. 

Between  pH  2.2  and  pH  4.8,  the  surface  coverage  of  a  1  x  10~^M 

2 

dye  solution  averages  32uC/cm  ,  and  with  further  increase  in  pH 

2 

the  coverage  rises  until  it  reaches  a  value  of  ca  42  yC/cm  at 
pH  7.  These  measurements  have  an  uncertainty  of  ca  10%,  so  that 
the  transition  is  poorly  defined  and  correlation  with  peak  width 
data  must  await  more  precise  coverage  measurements. 

Despite  the  inability  to  determine  whether  the  increase  in 
the  value  of  G  between  pH  4  and  pH  6  arises  from  an  increase  in 


or  /it  is  clear  that  the  pk^(s)  responsible  must  be  greater 
than  6.  The  reason  for  this  is  that  if  an  attractive  interaction 
preferentially  affects  the  conjugate  base  of  an  acid-base  pair, 
it  lowers  the  free  energy  of  the  base,  thus  increasing  the  acid 
dissociation  constant  and  lowering  the  pK  .  Although  this  fact 
does  not  establish  whether  neutral  red  (pK  6.6)  or  leuco  neutral 
red  (pK  6.4)  causes  the  increase  in  G,  it  draws  attention  to  an 

a 

important  point.  The  increase  in  G  centered  at  pH  5.2  corresponds 
to  a  surface  pK^,  and  regardless  of  whether  the  species  involved 
is  neutral  red  or  leuco  neutral  red,  the  surface  pK  is  more  than 

cl 

1  unit  smaller  then  the  bullc  pK  .  Adsorption  clearly  changes  the 

a 

acid-base  behavior  of  neutral  red  significantly  with  respect  to 
the  behavior  in  bulJc  solution  and  full  understanding  of  the  beha¬ 
vior  of  the  adsorbed  dye  will  nequire  determination  of  its  sur¬ 
face  pK  s. 

That  this  systematic  increase  in  the  net  value  of  G  with 

increasing  pH  observed  with  10  neutral  red  does  indeed  result 

from  an  increase  in  either  a  or  a  (or  both)  is  confirmed  by  the 

pH  dependence  of  vo 1 tammograms  of  more  concentrated  dye.  Typical 

of  such  behavior  is  the  progressive  splitting  of  the  peak  of  slow 

-4 

voltammetric  sweeps  of  2  x  10  M  dye  reported  in  Figure  7.  Below 
pH  5  there  is  only  a  single  rather  broad  peak,  the  asymmetry  of 
which  indicates  a  significant  diffusion  contribution  to  the  cur¬ 
rent.  At  pH  5  the  peak  increases  significantly  in  height  and,  in 
contrast  to  the  featureless  envelope  seen  at  lower  pH,  the  peak 
exhibits  a  distinct  shoulder  on  its  rising  edge.  Further  increase 
in  pH  causes  progressive  change  in  peak  morphology  that  leads 
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ultimately  to  the  appearance  of  the  two  extremely  sharp  closely 
spaced  peaks  seen  at  pH  6.36. 

The  influence  on  the  peak  potentials  of  pH  and  the  dye  con¬ 
centration  demonstrates  clearly  that  the  less  cathodic  of  the 
two  peaks  corresponds  to  the  single  peak  which  characterizes  the 
voltammograms  of  10  neutral  red,  and  that  the  more  cathodic 
peak  represents  the  electroreduction  of  neutral  red  by  a  process 
which  is  electrochemically  distinguishable  form  •^he  first.  Fig¬ 
ure  8,  which  reports  the  pH  dependences  of  the  two  reduction 
peaks,  shows  that  from  approximately  pH  5.2,  where  peak  splitting 
is  first  apparent  to  approximately  pH  6.6,  the  two  peaks  are  sep¬ 
arated  by  40  mV.  The  solid  line  in  Figure  8,  which  is  the  pH- 
potential  plot  for  the  single  peak  displayed  by  voltammograms  of 

lO'^M  neutral  red,  shows  clearly  that  the  potential  of  the  less 

-4 

cathodic  peak  in  the  voltammograms  of  2  x  10  M  neutral  red 
corresponds  closely  to  the  potential  of  the  single  peak  in  the 
voltammograms  of  1  x  10  dye.  Additional  support  for  this  as¬ 
signment  is  found  in  Figure  9,  which  shows  how  the  number  and  the 
potential  of  voltammetric  peaks  at  pH  5.44  depend  on  the  neutral 
red  concentration.  If  the  dye  concentration  is  2  x  10~^M  or  low¬ 
er,  the  voltammogram  displays  only  a  single  peak,  but  if  the  dye 
concentration  is  5  x  10  or  higher,  the  voltammogram  exhibits 
two  peaks.  In  agreement  with  Figure  8,  Figure  9  shows  clearly 
that  the  potential  of  the  less  cathodic  of  the  two  peaks  corre¬ 
sponds  to  the  potential  of  the  single  peak  of  the  voltammogram  of 
the  10  solution.  The  information  in  Figures  8  and  9  estab¬ 
lishes  that  the  voltammetric  peak  which  appears  and  grows  pro- 
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gressively  as  the  dye  concentration  is  increased  above  2  x  10 
represents  a  new  pathway  for  the  reduction  of  neutral  red  that  is 
energetically  distinguishable  from  the  reduction  pathway  at  lower 
concentration . 

Adsorbate  Phases 

Although  the  existence  of  the  two  voltammetric  peaks  when 
the  surface  coverage  is  high  demonstrates  that  there  are  two  ener¬ 
getically  distinguishable  pathways  for  reduciton  of  neutral  red, 
it  does  not  indicate  why  the  two  pathways  differ  in  energy  by  a 
small  but  significant  degree.  The  answer  to  this  question  is 
found  in  the  nature  of  the  adsorption  isotherm  of  neutral  red  in 
the  pH  range  which  yields  voltammograms  with  doublet  peaks.  Fig¬ 
ure  10,  which  reports  the  isotherm  at  pH  5.60,  shows  that  raising 

-7  -4 

the  bulk  concentration  of  dye  from  3  x  10  M  to  3  x  10  M  causes 
the  surface  coverage ' to  rise  from  one  monolayer  to  three  mono- 
layers,  i.e.,  to  trilayer  coverage.  It  is  particularly  signifi¬ 
cant  that  most  of  this  change  in  surface  coverage  occurs  over  a 
very  small  range  of  bulk  concentrations.  Increasing  the  bulk 

concentration  of  neutral  red  from  2  x  10  to  5  x  10  causes 

2 

the  surface  coverage  to  increase  from  30  uC/cm  ,  which  corresponds 

2 

to  slightly  more  than  monolayer  coverage,  to  70  yC/cm  ,  which 
corresponds  to  nearly  three  monolayer  coverage.  Evidently , sur¬ 
face  coverages  of  a  monolayer  or  slightly  more  correspond  to  one 
preferred  state  of  the  surface,  and  surface  coverages  of  three 
monolayers  or  slightly  less  correspond  to  a  second  preferred 
state.  Of  even  more  significance  than  the  precise  levels  of 
surface  coverage  is  the  fact  that  the  attainment  of  the  higher 
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level  coverage  coincides  with  the  onset  of  voltainmetric  peak  split 
ting.  The  arrow  in  Figure  10  indicates  the  first  evidence  of 
peak  splitting,  and  it  corresponds  to  the  upper  end  of  the  sharp 
increase  in  surface  coverage.  When  the  surface  coverage  reaches 
72  pC/cm^  the  voltammogram  exhibits  two  very  well  defined  and 
distinct  peaks. 

Although  the  transition  in  the  surface  coverage-concentra¬ 
tion  plot  for  neutral,  red  is  somewhat  less  well  defined  than  the 
extremely  sharp  transitions  observed  by  Murray  [19-21^  in  the 
anion  induced  adsorption  of  heavy  metals,  there  is  little  doubt 
that  it  arises  from  the  same  phenomenon.  The  close  correlation 
between  the  appearance  of  the  second  voltammetric  peak  and  the 
attainment  of  the  limiting  trilayer  surface  coverage  shows  that 
the  abrupt  increase  in  surface . coverage  does  indeed  represent 
formation  of  a  new  adsorbate  phase.  Perhaps  the  most  striking 
aspect  of  the  formation  of  the  second  adsorbate  phase  is  that 
it  has  such  a  small  effect  on  the  energetics  of  the  reduction  of 
neutral  red.  The  two  peak  potentials  differ  by  only  40  mV,  which 
suggests  that  coincident  with  the  formation  of  the  new  phase  of 
the  oxidized  species  of  neutral  red  there  is  also  the  formation 
of  a  new  phase  of  the  reduced  species,  which  nearly  offsets  the 
change  in  the  free  energy  of  the  oxidized  species.  That  is,  in 
the  surface  environment  characteristic  of  trilayer  surface 
coverage,  the  free  energies  of  both  neutral  red  and  leuco  neutral 
red  are  shifted  by  almost  the  same  extent  relative  to  their  free 
energies  in  the  surface  environment  characteristic  of  monolayer 
coverage. 
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FIGURE  CAPTIONS 
Figure  1 

Figure  2 

Figure  3 


Figure  4 

Figure  5 


Figure  6 


Figure  7 


Figure  8 


Dependence  of  peak  current  on  sweep  rate  for  cath- 
-4 

odic  peak  of  1  x  10  M  neutral  red  at  2.74. 

Peak  potential  -pK  plot  for  1  x  10~^M  neutral  red 
at  a  sweep  rate  of  100  mV/s 

Adsorption  isotherm  of  neutrad  red  in  aqueous 

O.IM  KCl  solution  at  jai  3.0.  The  scale  defining 

the  degree  of  aggregation  is  nortnadized  so  that  a 

degree  of  aggregation  of  1.0  corresponds  to  a  sur- 

2 

face  coverage  of  24  uC/cm  (1  monolayer) 

Adsorption  isotherm  of  neutral  red  in  50%  metha- 
nolic  O.lM  KCl  solution  at  pH  3.0. 

Adsorption  isotherm  of  neutral  red  in  aqueous  O.IM 
KCl  at  9.54.  Uie  solubility  of  the  dye  under 
these  conditions  is  ca  5  x  10~^M 

Effect  of  pH  on  the  width  at  half  hei^t  of  the 
cathodic  peak  of  neutral  red.  The  dye  concentration 
is  1  X  10  and  the  sweep  rate  is  100  mV/s. 

-4 

Voltamnograms  of  2  x  10  M  neutral  red  showing 
progressive  peak  splitting  with  increasing  p«.  The 
sweep  rate  is  100  nV/s. 

-4 

Peak  potential  -  pH  plot  for  2  x  10  M  neutral  red 
showing  the  appecurance  of  the  second  peak.  The 
solid  line  is  the  peak  potentiad-p«  plot  for  the 
single  peak  observed  for  1  x  lO'^M  dye. 
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Figure  9  The  influence  of  concentration  on  the  number 

and  the  potential  of  tte  voltarmetric  peak(s)  of 
neutrad  red  at  5.44. 

Figure  10  Msorption  isotherm  of  neutral  red  in  aqueous  O.lM 

M21  at  pH  5.60.  Uie  arrow  indicates  the  onset  of 
peak  splitting  in  the  slew  sweep  voltammograms. 
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